Background: An efficient cardiac stress response requires a series of coordinated molecular changes. Results: Steroid receptor coactivator-2 (SRC-2) controls the expression and activity of key cardiac transcription factors. Conclusion: Dual regulation of cardiac transcription poises SRC-2 as a novel coordinator of the stress-responsive molecular network. Significance: Identification of factors responsible for coordination of the cardiac stress response is critical for improved treatment.
We have previously demonstrated the potential role of steroid receptor coactivator-2 (SRC-2) as a co-regulator in the transcription of critical molecules modulating cardiac function and metabolism in normal and stressed hearts. The present study seeks to extend the previous information by demonstrating SRC-2 fulfills this role by serving as a critical coactivator for the transcription and activity of critical transcription factors known to control cardiac growth and metabolism as well as in their downstream signaling. This knowledge broadens our understanding of the mechanism by which SRC-2 acts in normal and stressed hearts and allows further investigation of the transcriptional modifications mediating different types and degrees of cardiac stress. Moreover, the genetic manipulation of SRC-2 in this study is specific for the heart and thereby eliminating potential indirect effects of SRC-2 deletion in other organs. We have shown that SRC-2 is critical to transcriptional control modulated by MEF2, GATA-4, and Tbx5, thereby enhancing gene expression associated with cardiac growth. Additionally, we describe SRC-2 as a novel regulator of PPAR␣ expression, thus controlling critical steps in metabolic gene expression. We conclude that through regulation of cardiac transcription factor expression and activity, SRC-2 is a critical transcriptional regulator of genes important for cardiac growth, structure, and metabolism, three of the main pathways altered during the cardiac stress response.
There are many transcriptional changes in response to cardiac stress; some changes contribute directly to the stress response, and others are compensatory changes. Collectively, there are few gene targets overlapping between studies that are "key" factors in these responses (1) , but there is some overlap among pathways that are affected.
Several recent studies highlighted a role for coordinated control of several main cardiac pathways through a transcription factor complex including myocyte enhancer factor 2 (MEF2) 2 and GATA-4 (2, 3) . Transcriptional cross-talk occurs between MEF2, GATA-4, and other cardiac transcription factors, including NK2 homeobox 5 (Nkx2.5), serum response factor (SRF), and Tbx5. This coordinated control shows extensive target gene overlap among the factors, as well as control of several targets of similar signaling pathways (2) (3) (4) (5) (6) (7) . Many of these pathways are altered with stress, and genetic mouse models of these transcription factors confirm a role for the factors in controlling aspects of the stress response including structural, hypertrophic, and apoptotic pathways (8 -15) . Nevertheless, little is known about the mechanisms responsible for coordinate control of DNA-bound transcription factors.
Steroid receptor coactivator-2 (SRC-2) belongs to a family of transcriptional coactivators, the steroid receptor coactivators, well characterized for their ability to increase transcription at target genes driven by diverse transcription factors (16) . Previously, we have shown that loss of SRC-2 results in several gene expression changes that mimic those of a stressed heart despite maintaining normal function under unstressed conditions. Major pathways affected include metabolic, sarcomeric, and hypertrophic functions. The onset of cardiac stress via transverse aortic constriction results in decreased function in hearts lacking SRC-2, and a normal hypertrophic response does not occur (17) . These data suggest an important role for SRC-2 in regulating cardiac gene expression, but fail to delineate genes directly controlled by SRC-2 from compensatory changes due to stress or what factor(s) SRC-2 works with on those genes because it cannot directly bind DNA.
To characterize the molecular actions of SRC-2 in the heart, we used our previously published microarray data combined with newly generated chromatin immunoprecipitation-sequencing (ChIP-Seq) data to identify SRC-2 targets and correlate these with cardiac actions of SRC-2. We identified a novel mechanism by which SRC-2 acts as a major regulator of the cardiac transcription program through control of widespread cardiac transcription factor expression, as well as through coactivation of key cardiac transcription factors MEF2, GATA-4, and Tbx5. Furthermore, SRC-2 promotes the adult metabolic transcriptional profile through control of peroxisome proliferator-activated receptor (PPAR) ␣ expression through a mechanism that at least partially involves control of GATA-4 and Tbx5 activity. These activities together poise SRC-2 to control adult cardiac gene expression including genes involved in cardiac growth and metabolism under unstressed conditions. In addition, it serves as a coordinator of transcription during the cardiac stress response.
EXPERIMENTAL PROCEDURES
Animals-All animal experiments were approved by the Institutional Animal Care Research Committee at Baylor College of Medicine (Protocol AN-544 and AN-124). The generation of the SRC-2 knock-out (KO) mice has been described previously (18 -20) . Cardiac-specific SRC-2 KO mice were generated through standard cross-breeding between mice with a floxed SRC-2 gene (SRC-2 f/f ) (21) and mice expressing Cre recombinase under the Myh6 promoter (Jackson Laboratories) resulting in cardiomyocyte-specific deletion of SRC-2. This breeding results in Myh6-Cre (Ϫ)/SRC-2 f/f (WT) and Myh6-Cre (ϩ)/SRC-2 f/f (CKO) genotypes. Only male, age-matched littermates (10 -16 weeks old) mice were used. Animals were maintained in a temperature-controlled (23°C) facility with a 12-h light/dark cycle. Mice on normal chow were fed 2920X Teklad Global rodent ad libitum with free access to food and water.
Plasmids and Reagents-The pCR3.1-SRC-2 plasmid has been described previously (22) . The pCGN-GATA-4, PXP2-␣-MHC-Luc, and PXP2-3xMCK MEF2 (M2RE)-Luc were a generous gift from Dr. Mona Nemer (6) . pCMX-MEF2A, C, and D were a generous gift from Dr. Hung-Ying Kao (23) . G5-Lucskeletal ␣-actin and cardiac ␣-actin luciferase reporters have been described previously (4) . pEntr-Tbx5-flbio was purchased through Addgene, provided by Dr. William Pu (plasmid 32968) (2). pXP1-Fgf10-Luc was purchased through Addgene, pro-vided by Dr. Benoit Bruneau (plasmid 24994) (24) . pGL2T2 (2xTbox)-Luc was a generous gift from Dr. Peter Hurlin (25) . hPPAR␣ promoter (p␣(H-H)-pGL3 was a generous gift from Dr. Bart Staels (26) . Adenovirus containing GFP and GFP-Cre recombinase (Ad5-CMV-GFP and Ad5-CMV-Cre-GFP, respectively) were purchased from the Vector Development Core at Baylor College of Medicine. For adenoviral HA-SRC-2, mouse SRC-2 was cloned into the pShuttle vector and used for adenovirus production by the Viral Vector Production Core Laboratory at Baylor College of Medicine. pAdeno-CMV-GATA4 and pAdenoG-HA-CMV-mTbx5 were purchased from Applied Biological Materials, Inc. siRNAs against SRC-2, MEF2A, C, and D, and Tbx5 were purchased from Dharmacon. siRNA against GATA-4 was purchased from Ambion.
Cell Culture-H9c2 cells (ATCC) were maintained at 37°C at 5% CO 2 in Dulbecco's Eagle's modified medium (DMEM) supplemented with 10% charcoal-stripped fetal bovine serum (FBS), 1 mM sodium pyruvate, 50 units/ml penicillin G, and 50 g/ml streptomycin sulfate.
Gene Expression Analyses-RNA was isolated from either cells or frozen heart tissue using the RNeasy RNA Isolation kit or Fibrous Tissue kit, respectively, according to manufacturer's instructions (Qiagen). cDNA analysis was performed on 500 -1000 ng of RNA using random primers and the Superscript III enzyme according to the manufacturer's instructions (Invitrogen). qPCR analyses were performed using the Taqman system with gene-specific primers and the Universal Probe Library (Roche Applied Science) on a One-Step Plus qPCR machine (ABI). Primer sequences are available upon request.
siRNA-mediated Knockdown-H9c2 cells were cultured overnight in antibiotic medium and then trypsinized and collected in fresh antibiotic-free medium. Cells were washed twice with 1ϫ PBS and resuspended at a density of 1 ϫ 10 7 cells/ml in R-buffer for electroporation using the Neon system and according to the manufacturer's instructions (Invitrogen). The indicated siRNAs were added to cells in R-buffer, and electroporation was carried out at 3 pulses of 1650 V with a width of 10. Cells were immediately placed into culture medium and harvested 48 h later.
Adult Cardiomyocyte Isolation-Adult cardiomyocytes were isolated as described previously (27) . Briefly, freshly isolated hearts were perfused with a collagenase solution through aortic cannulation followed by mincing and calcium reintroduction. Cardiomyocytes from several mice were pooled, plated, and finally cultured at 2% CO 2 in medium containing ITS medium supplement and 2,3-butanedione monoxime. Where indicated, adenovirus was introduced after overnight incubation of isolated myocytes, and cells were harvested 36 -48 h later.
Chromatin Immunoprecipitation-Fresh adult heart tissue was isolated and ChIP analyses were carried out according to manufacturer's instructions using the SimpleChip Enzymatic Chromatin IP Kit (Cell Signaling Technology). Three hearts were pooled for each chromatin preparation. DNA shearing and micrococcalnuclease digestion were optimized according to manufacturer's instructions. Each IP was conducted with 3-4 g of antibody. Beads and antibody were preincubated in 0.5% bovine serum albumin in 1ϫ PBS overnight before the addition of chromatin. Final products were eluted in 50 l and
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then diluted 2-3-fold before qPCR analysis with SYBR Green and gene-specific primers. Primer sequences are shown in Table 1 . Negative control primers target an untranslated region of the genome that shows no SRC-2 recruitment in the heart in ChIP-Seq analyses.
ChIP-Seq-Adult cardiomyocytes were isolated as described above. Immediately after isolation, cells were formaldehydecross-linked and stored at Ϫ80 ºC. Cells from four hearts were pooled, and ϳ1 ϫ 10 5 cells were used for chromatin preparation. Chromatin preparation and immunoprecipitation reactions were carried out as described previously with 3 g of anti-SRC-2 antibodies (28) . Input DNA and enriched DNA fragments were used to generate ChIP-Seq libraries for deep sequencing on the Illumina GAII platform. Library preparations reagents were from Illumina's Genomic DNA Sample Preparation kit (1000181) and prepared following a modified version of the manufacturer's recommendations. Briefly, DNA fragments were end-repaired using T4 DNA polymerase to fill in 5Ј overhangs, Klenow polymerase to remove 3Ј overhangs, and T4PNK to phosphorylate the 5Ј-OH. For Illumina adaptor ligation, a single adenine nucleotide overhang must be added to the polished DNA. A 1:30 dilution of the adaptor oligonucleotide mix was used in the ligation step with T4 ligase. The resulting constructs with adaptors were amplified via 18 cycles of PCR enriching the DNA fragments with adaptors flanking each end. The amplified product was quantified using a spectrophotometer at 260 nm (Nanodrop) and an aliquot analyzed by gel electrophoresis on a 6% TBE gel for size validation. The validated DNA library was submitted at a 10 nM concentration for sequencing. Samples were sequenced using the Illumina GAII platform at the University of Houston.
ChIP-Seq Data Processing-ChIP-Seq data were aligned to the mm9 reference genome using bowtie (29) with parameters -t -v 2 -a -m 1 -best -strata -S. Reads, which mapped to multiple locations in the genome, were filtered using Samtools (30) for subsequent analysis. ChIP-Seq fragment length estimation and peaks identification were done sequentially using HOMER (31) . Using annotatePeaks.pl from HOMER (31) gene-specific information (nearest gene, distance from nearest transcription start site (TSS)) was assigned to each peak based on the nearest annotated TSS of the peak. We also classified peaks into promoter, integenic, intron, and exon. The peak regions were processed using findMotifsGenome.pl (31) for enriched motifs (with parameters -cpg -len 3,4,5,6,7,8 -N 50000 -S 25). To identify locations of specific transcription factors (TFs) in peaks, we obtained the position weight matrices of these TFs from JASPAR. These were used together with HOMER (31) to identify TF locations in peaks.
Immunoprecipitation-H9c2 cells were untreated or infected with the indicated adenovirus for 48 h before harvesting. Cells were lysed in radioimmuneprecipitation assay buffer (1ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) plus protease inhibitors. The resulting lysates were incubated with the indicated antibodies and protein G Dynabeads (Invitrogen) overnight in NETN (20 mM Tri-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, 0.1% Nonidet P-40) with protease inhibitors at 4 ºC. Immunoprecipitates were washed five times with NETN and analyzed via SDS-PAGE. The products were visualized with anti-HRP conjugates and ECL detection (Pierce). Antibodies used were anti-SRC-2 (A300-345A; Bethyl Laboratories), anti-TIF2 (BD Biosciences), anti-MEF2 (B-4, Santa Cruz Biotechnology), anti-GATA4 (G-4, Santa Cruz Biotechnology), and anti-Tbx5 (Invitrogen).
Immunohistochemistry-Immunohistochemistry on deparaffinized heart sections was performed by standard techniques. Endogenous peroxidases were blocked by incubation in a hydrogen peroxide/methanol solution followed by antigen retrieval in Tris-EDTA, pH 9.0 (Diagnostic BioCare). Sections were then blocked with Background Sniper (BioCare Medical). Primary antibody incubation was performed overnight at 4 ºC with anti-TIF2 antibodies (BD Biosciences) at a concentration of 1:75. Detection was performed with the PolyVue Detection kit (Diagnostic Biosystems) and staining with Stable DAB Plus (Diagnostic Biosystems) for 5 min at room temperature. DAB staining was enhanced using Sparkle (BioCare Medical) for 1 min at room temperature, and counterstaining was performed using CAT hematoxylin (BioCare Medical) for 15-30 s. All rinses were made using Tris-Tween buffer, pH 7.4. All reagents and kits were used according to manufacturer's instructions. Imaging was performed on an Olympus BX41 microscope.
Mitochondrial Oxygen Consumption Rate-Viable mitochondria were isolated from WT or SRC-2 CKO mice hearts using the Mitochondrial Isolation kit from Sigma-Aldrich per the manufacturer's instructions. 50 -100 mg of tissue was used per heart. Mitochondria were kept on ice and used immediately for analysis of oxygen consumption rate with the Seahorse XF24 Analyzer following the manufacturer's recommended procedure for isolated mitochondria. Briefly, mitochondria were diluted to 0.05 g/l in 1ϫ MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH 2 PO 4 , 5 mM MgCl 2 , 2 mM HEPES, 1 mM EGTA, and 0.2% (w/v) fatty acid-free BSA, pH 7.2, at 37 ºC) containing 10 mM succinate and 2 M rotenone and plated. The plate was centrifuged at 2000 ϫ g for 20 min at 4 ºC to adhere mitochondria. Injections were 50 l of 40 mM ADP, 55 l of 25 g/l oligomycin, 60 l of 40 M FCCP, and 65 l of 40 M antimycin A. All measurements were collected for 3 min.
RESULTS

SRC-2 Loss Affects Cardiac Transcription Factor Target Gene
Expression-Our previous work has shown that whole body loss of SRC-2 results in disruption of the cardiac stress response with altered signaling in several stress-responsive pathways. Further, we previously observed a surprising decrease in expression of several cardiac transcription factors in the absence of SRC-2 (17) . However, characterizing cardiac-specific actions of SRC-2 in these initial studies was limited by the use of a whole body KO model, allowing for secondary effects from SRC-2 loss in other tissues or cardiac cell types. Therefore, we created a cardiomyocyte-specific SRC-2 KO (CKO) CKO, with SRC-2 loss under the control of the previously described ␣-myosin heavy chain promoter ( Fig. 1, A and B) . We observed the same decreases in widespread cardiac transcription factor expression when SRC-2 is lost in the cardiomyocyte (Fig. 1C) . Additionally, to help identify which transcription factor or factors SRC-2 may be working with in the heart, we conducted enrichment analyses for common transcription factor binding motifs in the proximal promoter regions on the genes whose expression changed from loss of SRC-2 in our previous microarray analysis (17) . In support of the previously characterized pleiotropic nature of SRC-2 in transcriptional regulation, no single transcription factor-binding motif was highly enriched; however, several motifs showed moderate enrichment ( Fig. 1D ). Interestingly, we noticed enrichment for binding sites of several well characterized cardiac transcription factors (in bold) that are known to synergize in target regulation (2, 3) , including MEF2 and GATA. Recent work has highlighted the importance of these factors in the control of adult cardiac gene expression through the identification of genomic targets of these factors in HL-1 atrial cardiomyocytes. This work also introduced Tbx5 as a new key regulator in the adult heart (2) . In support of a role for enrichment of these factors in SRC-2 gene targets, we found that 57.6% of genes with expression changes resulting from loss of SRC-2 are genes targeted by these transcription factors (Fig. 1E ).
We hypothesized that SRC-2 could be affecting expression of target genes of this complex through direct regulation of expression of the transcription factors themselves. To test whether the decrease in transcription factor expression observed in the CKO hearts is due to direct effects of SRC-2 loss, we investigated whether transient loss of SRC-2 also resulted in a decreased expression of the transcription factors. 
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Indeed, both siRNA-mediated SRC-2 knockdown in H9c2 cultured cardiomyocytes and Cre-mediated excision of SRC-2 from isolated adult cardiomyocytes resulted in decreased expression of MEF2, GATA-4, Tbx5, and several other cardiac transcription factors (Fig. 2, A and B) . Further, protein expression mimics the decreased mRNA in CKO hearts compared with WT controls (Fig. 2C) . ChIP experiments show that SRC-2 localizes to the promoter regions of several of these transcription factors, further supporting its ability to regulate expression of these transcription factors directly (Fig. 2D) . To test whether the decreased transcription factor expression in the absence of SRC-2 is enough to effect target gene expression, we analyzed gene expression in CKO hearts for genes that are not known to be targeted directly by SRC-2, but are bound by MEF2, GATA-4, and/or Tbx5. As expected, we observed decreased cardiac TF expression in the absence of SRC-2 ( Fig. 2E) , despite any observed SRC-2 binding (Fig. 2F, compare binding of SRC-2 to a target gene to the negative control). Together, these results indicate that SRC-2 loss has a strong effect on the gene network controlled by MEF2, GATA-4, and Tbx5 and strongly suggest that this control is at least in part through direct regulation of their expression.
SRC-2 Coactivates Cardiac Transcription Factors to Regulate Several Gene
Networks-It has been shown that MEF2, GATA-4, and Tbx5 can autoregulate their own and each other's expression (2, 3) , raising the possibility that SRC-2 may coactivate one or several of these factors, thereby directly controlling their expression, as well as the expression of the other factors. Due to the possibility for both direct and indirect targets, we performed ChIP-Seq analysis for identification of genome-wide binding sites of SRC-2 in isolated adult primary cardiomyocytes. As anticipated, SRC-2 binding sites are strongly enriched within 20 kb of the TSS of all genes, with strongest enrichment even closer to the TSS (Fig. 3A ). Using the same previously published ChIP-Seq datasets for MEF2, GATA-4, and Tbx5 in HL-1 cells (2) (used for comparison with SRC-2 microarrays), RNA was isolated from isolated primary adult cardiomyocytes derived from SRC-2 f/f animals and cultured after isolation for 48 h with adenovirus expression GFP (control) or Cre recombinase (to excise SRC-2). C, immunoblot analysis of tissue lysates from WT and SRC-2 CKO hearts for the indicated transcription factors. Quantitative analysis is derived from densitometry measurements from at least two independent blots of n Ն 4 animals. D, ChIP analysis in chromatin isolated adult WT heart tissue with anti-SRC-2 or IgG antibodies for the indicated target gene regions by qPCR. Individual target genes are presented relative to input controls. Untr10Ј is a negative control region void of SRC-2 localization. E, qPCR analysis of the indicated gene targets as in A. RNA was isolated from WT or SRC-2 CKO hearts. F, ChIP analysis as described in D for the indicated target genes. Statistical analysis was performed with Student's t test where * ϭ p Յ 0.05, ** ϭ p Յ 0.01, and *** ϭ p Յ 0.001.
we found that the binding peaks for SRC-2 overlap at least 1 base pair with a binding site for MEF2, GATA-4, and/or Tbx5 in at least 50% of genes targeted by SRC-2 in the Ϫ7.5 kb to ϩ2.5 kb region (Fig. 3B ). This overlap is decreased to approximately 30% as the region analyzed is expanded to Ϫ25 kb to ϩ25 kb, which is supported by enrichment of binding sites for MEF2, GATA-4, and Tbx5 being proximal to the TSS ( Fig. 3B and (2) . In further support, using primers generated to analyze genomic locations identified by He et al. to bind MEF2, GATA-4, and/or Tbx5, we found by ChIP that SRC-2 localized to many of the same genomic regions ( Fig. 3C) (2) . If SRC-2 is coactivating expression of these transcription factors at the gene promoter, it is anticipated that loss of SRC-2 would decrease expression of the target gene. Not surprisingly, analysis of gene expression in SRC-2 KO hearts confirms decreased expression of these target genes (Fig. 3D) .
To further investigate the possibility of SRC-2 coactivating MEF2, GATA-4, and Tbx5, we performed co-immunoprecipitation experiments and found that SRC-2 can interact with each of these factors (Fig. 4A) . Additionally, co-expression of SRC-2 with the transcription factor leads to increased transactivation of previously characterized target gene reporters for each of these factors, as indicated by analysis of luciferase reporters (Fig. 4, B-D) . Collectively, these results show that SRC-2 is able to bind to and coactivate MEF2, GATA-4, and Tbx5 and strongly suggest that these activities occur at gene promoters targeted by these factors.
SRC-2 Controls Metabolic Gene Expression through Regulation of PPAR␣ Expression-One major component of the car-
diac stress response that is perturbed by loss of SRC-2 in the heart is the metabolic gene signature (17) . Because loss of MEF2 and GATA-4 in the adult heart has not been shown to have a metabolic landscape similar to that of SRC-2 (8 -10, 12, 14) and knock-out of Tbx5 in the adult heart has not been characterized, we hypothesized that SRC-2 was controlling these pathways through an alternate transcription factor. Loss of PPAR␣ expression in the heart closely resembles loss of SRC-2, and we previously reported decreased PPAR␣ expression in SRC-2 KO hearts (17) . This decreased mRNA expression also is observed in mice with cardiac-specific loss of SRC-2 (Fig. 5A ). Similar to that observed for MEF2, GATA-4, and Tbx5, PPAR␣ expression was also decreased through transient loss of SRC-2 either by siRNA or Cre-mediated excision in myocytes and paralleled decreased protein expression in CKO hearts (Fig. 5A ). Furthermore, the transcription factor motif analysis we performed in the SRC-2 microarray (Fig. 1A) identified a direct repeat 1 DNA response element (listed under hepatocyte nuclear factor, which is the DNA motif recognized by PPARs (32) . To investigate whether SRC-2 directly controls PPAR␣ expression, we investigated the ability of SRC-2 to localize to the PPAR␣ promoter and whether transient loss of SRC-2 decreases PPAR␣ expression. Indeed, ChIP experiments confirm the ability of SRC-2 to associate with the PPAR␣ promoter in isolated adult primary cardiomyocytes (Fig. 5B ). Furthermore, SRC-2 is able to coactivate luciferase expression driven by the PPAR␣ promoter (Fig. 5C ).
Our previous study suggests that loss of SRC-2 results in decreased expression of several genes involved in fatty acid oxidation (17) . Many of these genes are regulated by PPAR␣ and are also decreased in CKO hearts (Fig. 5D ), suggesting that SRC-2 controls their expression through regulation of PPAR␣ expression. Another major cardiac metabolism regulator, peroxisome proliferator-activated receptor ␥, coactivator-1 (PGC-1␣) strongly regulates mitochondrial and oxidative phosphor- ylation pathway genes, often through the nuclear receptor estrogen-related receptor ␣ (ERR␣). We did not observe any major changes in ERR␣ or any ERR␣/PGC-1␣ mitochondrial protein targets (Fig. 5E ). Furthermore, the ERR␣/PGC-1␣ signaling axis strongly regulates mitochondrial biogenesis. In support of the unaltered gene expression of ERR␣/PGC-1␣ targets from loss of cardiomyocyte SRC-2, we observed no major changes in mitochondrial number as assayed by citrate synthase expression in CKO hearts (Fig. 5F ). Finally, we analyzed mitochondrial respiratory capacity using the Seahorse XF24 Analyzer on mitochondria isolated from CKO hearts. In this assay, the isolated mitochondria begin coupled in state 2 by the addition of the substrate succinate and complex I inhibitor rotenone. From this state, we observed no major differences in basal respiration between the two groups, nor in state 3 (ADP added), state 4o (oligomycin added), or maximal uncouplerstimlated respiration (FCCP added) (Fig. 5G) , supporting the idea that mitochondrial capacity is not impaired from loss of SRC-2.
Considering our results indicating SRC-2 coactivates MEF2, GATA-4, and/or Tbx5, we analyzed the promoter fragment used in luciferase experiments as well as the ChIP-Seq data from HL-1 cells (2) and found that SRC-2 appears to control PPAR␣ by coactivating GATA-4 and/or Tbx5 on the PPAR␣ promoter. Transactivation assays support a role for GATA-4and Tbx5-driven expression of this promoter and coactivation by SRC-2, whereas MEF2 did not appear to have a robust effect (Fig. 6A ). Control of PPAR␣ by GATA-4 and Tbx5 is supported through transient knockdown of these factors in H9c2 cells resulting in decreased PPAR␣ expression ( Fig. 6B) . Knockdown of SRC-2 does not significantly decrease PPAR␣ expression, further suggesting a conserved pathway for these factors in controlling PPAR␣ expression ( Fig. 6B ).
DISCUSSION
We have described a dual role for SRC-2 in controlling cardiac gene expression through coordinated control of expression of key cardiac transcription factors as well as direct coactivation of MEF2, GATA-4, and Tbx5 (Fig. 7) . These results describe the first characterized mechanism for SRC-2 activity in the heart and define several new transcription factors that SRC-2 can regulate in a context-dependent manner. First, we show that SRC-2 can directly control transcription of a number of cardiac transcription factors, including, but not limited to, MEF2, GATA-4, and Tbx5. Importantly, loss of SRC-2 only decreases, but does not abrogate, expression of the factors. Therefore, loss or down-regulation of SRC-2 will result in a widespread dampening of transcription promoted by these factors through a decrease in the availability of the factors to bind to promoters and drive transcription. Included in these target promoters are those of several other transcription factors, leading to a vast array of genes and pathways affected by loss of SRC-2, as we previously observed (17) .
Second, we show that SRC-2 can bind and coactivate transcription driven by MEF2, GATA-4, and Tbx5. This second layer of regulation further controls expression of target genes of these factors. Whereas the presence of the transcription factor at a specific site may be sufficient to induce a basal level of transcription, the absence of SRC-2 at those genes would result in an inability to increase transcription of the target when required. This lack of coactivation may be especially evident in response to signal-dependent transcription programs, such as those activated during cardiac stress. As a result, loss of SRC-2 would likely lead to an unorganized, ill timed, or decreased ability to respond to the stress, similar to the observation under transverse aortic constriction in SRC-2 KO animals (17) . Further investigation into these specific signaling pathways will be required to identify specific roles for SRC-2 interplay with these factors at specific sets of target genes.
Our earlier work described widespread genomic remodeling in the absence of SRC-2 (17) , which is supported by the mechanisms described in these studies for both direct and indirect control of gene expression by SRC-2. These pathways include those regulated by MEF2, GATA-4, and Tbx5 including sarcomeric and hypertrophic regulatory pathways (8, 10, 12, 14, 33) . For example, Cxcl12, Adam19, and Itga6 ( Fig. 2E ) are all involved in chemokine/membrane receptor signaling, which in the heart is intimately linked with signal transduction and beating, which rely on calcium and ion transients involving genes such as Serca2 and Tnni3 (Fig. 3D ). Understanding how SRC-2 controls these pathways in a context-and signal-dependent manner is expected to yield valuable information about coordination of cellular communication and maintenance of electrical conduction during stress. Furthermore, as shown previously (2, 3) , cooperation among several of these transcription factors at certain targets may add another layer of complexity to SRC-2 regulation. This cooperation involves not only binding sites and cross-talk among multiple transcription factors at the same promoter (2, 3) , but also recruitment of one transcription factor by the others for synergistic activity. For example, GATA-4 interacts with Hand2, MEF-2, Nkx2.5, and SRF, among other factors, to cooperatively regulate gene expression at many cardiac targets (for review, see Ref. 34 ). Interestingly, SRF has been shown capable of coactivating and synergizing with GATA-4 FIGURE 5. SRC-2 controls PPAR␣ expression. A, qPCR analysis of mRNA expression for the PPAR␣ as described in Figs. 1B and 2 , A and D, for analysis of RNA isolated from cardiac-specific SRC-2 KO hearts, siRNA mediated SRC-2 knockdown in H9c2 cells, and Cre-mediated SRC-2 excision in adult primary cardiomyocytes, respectively. Immunoblot analyses of protein expression for PPAR␣ were as described in Fig. 2C . B, ChIP analysis as described in Fig. 2C for the PPAR␣ promoter. C, transactivation assay as described in Fig. 4B for luciferase driven by the PPAR␣ promoter. RLU, relative luciferase units. D-F, qPCR analysis of mRNA expression for the indicated target genes as described in Fig. 1B . F, oxygen consumption rates (OCR versus time) of mitochondria isolated from WT and SRC-2 CKO hearts. Oxygen consumption rate was performed on the Seahorse XF24 analyzer. Injections were at the times indicated as follows: A, ADP; B, oligomycin (ATP coupler); C, FCCP (electron transport chain accelerator); and D, antimycin A (complex III inhibitor). Statistical analysis was performed with Student's t test where * ϭ p Յ 0.05, ** ϭ p Յ 0.01, and *** ϭ p Յ 0.001. and belongs to the same (MADS)-box family of transcription factors as MEF-2 (35) . Whereas our current analyses enriched for a binding site that more closely resembles that of MEF2 ( Fig.  1D) (36, 37) , we speculate that SRF also may be a key player in this transcription network whose activity also may be regulated by SRC-2. It is possible that these dynamic transcription factor complexes are further regulated through (or require interactions with) coactivator complexes that are SRC-2-dependent. Adding another layer of complexity, the transcription activity of MEF2 and GATA-4 is controlled through multiple posttranslational modifications, rendering them sensitive to several signaling pathways in the myocyte including calcium flux in the case of MEF2, and hypertrophic signaling for GATA-4 (for review, see Ref. 34 ). These modifications likely affect which factors the DNA-bound transcription factor interacts with, including the exchange of corepressors to coactivators as well as differential chromatin modifiers, but specifically which role these modifications play in regulating their interactions with SRC-2 remains to be determined. Furthermore, with the recent evidence that overexpression of GATA-4, MEF2, and Tbx5 can drive differentiation of fibroblasts to cardiomyocytes (38, 39) , it is tempting to consider that introduction of SRC-2 or modula-FIGURE 6. SRC-2 control of PPAR␣ may be mediated through GATA-4 and Tbx5. A, transactivation assay as described in Fig. 4B for luciferase driven by the PPAR␣ promoter. B, qPCR analysis of mRNA expression for PPAR␣ or the indicated targets as described in Fig. 2A for siRNA-mediated knockdown in H9c2 cells. Statistical analysis was performed with Student's t test where * ϭ p Յ 0.05, ** ϭ p Յ 0.01, and *** ϭ p Յ 0.001. NS indicates p Ͼ 0.05. tion of its activity could be beneficial in the efficacy of these factors in driving this differentiation program.
Our work also presents data in support of a novel control for the cardiac metabolic regulator PPAR␣ by SRC-2, which suggests that the metabolic changes observed from SRC-2 loss are partly dependent on PPAR␣. PPAR␣ is well characterized to control fatty acid oxidation in the heart (32) , a pathway that is impaired by SRC-2 loss (17) . SRC-2-driven control of PPAR␣ activity appears to be partially mediated by SRC-2 control of GATA-4 and Tbx5. This regulation is likely signal-dependent and is not limited to these transcription factors. For example, PGC1-␣/␤ are other known cardiac coactivators of the PPAR and ERR families of transcription factors in the heart. Interestingly, we did not observe any major changes to ERR␣ expression, target genes of ERR␣/PGC-1␣, mitochondrial number, or respiration capacity. This suggests that the SRC-2/PPAR␣ axis of metabolic control functions independently of ERR␣/ PGC-1␣ control of mitochondrial integrity and function, but does not exclude PGC-1␣ control of PPAR␣ at other target genes or direct control of PPAR␣ by PGC-1␣. Further, our data present the hypothesis that metabolic control during stress may be controlled through several interdependent mechanisms leading to many new questions as to how these pathways interact during stress conditions and contribute individually to the metabolic changes observed during stress. Additionally, whereas SRC-2 control of PPAR␣ expression contributes to the decreased expression of fatty acid oxidation pathway genes, which is expected to contribute to the metabolic changes that we previously published, this phenotype is not solely limited to PPAR␣ control. SRC-2 regulation of other metabolic targets is likely to contribute.
Our study was designed to assess the role of SRC-2 in cardiac muscle cells in an unstressed environment. Our previous paper defines a specific role for this transcription cofactor in coordinating the metabolic, growth and stress responses to cardiac overload but also described changes in unstressed SRC-2 KO mice. Whereas some of these changes may arise from metabolic consequences of SRC-2 deletion in other organs, the present report suggests that at least a subset of the metabolic alterations seen in the cardiac-specific SRC-2 deletion mice at rest are largely identical to those seen in the unstressed nonselective model. One exception is that the previously observed reduction of COX4 transcript was not observed. It is still possible that an unexpected abnormality in mitochondrial function, whether structural or the result of substrate metabolic responses, might surface under the proper stressors as these studies progress. These data provide the baseline metabolic state of the organspecific SRC-2 model and describe one mechanism by which this state is regulated, through SRC-2 control of PPAR␣ expression.
Taken together, this work provides novel mechanistic insight into SRC-2 activity in the cardiomyocyte. We show that SRC-2 is a key regulator upstream of numerous cardiac transcriptional pathways through dual control of the expression of several cardiac transcription factors as well as through coactivation of transcription activity. Whereas SRC-2 control of GATA-4, MEF2, and Tbx5 activity is likely to control cardiac growth, structural, and stress-responsive pathways, we show that met-abolic gene expression controlled by SRC-2 occurs at least partially through direct regulation of PPAR␣ expression. Future work into control of SRC-2 activity and binding is anticipated to elucidate how cardiac stress signaling pathways are intertwined and coordinately regulated during the stress response.
